Fibre reinforced polymer laminated composites are susceptible to impact damage during manufacture, normal operation, maintenance, and/or other stages of their life cycle. Initiation and growth of such damage lead to dramatic loss in the structural integrity and strength of laminates. This damage is generally difficult to detect and repair. This makes it important to find a preventive solution. There has been abundance of research dealing with the impact damage evolution of composite laminates and methods to mitigate and alleviate the damage initiation and growth. This article presents a comprehensive review of different strategies dealing with development of new composite materials investigated by several research groups that can be used to mitigate the low velocity impact damage in laminated composites. Hybrid composites, composites with tough thermoplastic resins, modified matrices, surface modification of fibres, translaminar reinforcements, and interlaminar modifications such as interleaving, short fibre reinforcement, and particle based interlayer are discussed in this article. A critical evaluation of various techniques capable of enhancing impact performance of laminated composites and future directions in this research field are presented in this article.
Introduction
Materials have coexisted and connected with mankind virtually from the very beginning of man's existence in satisfying variety of needs. Almost every facet of human life has been influenced by materials to varying degrees. Only the approach of engineering and fabricating materials has changed over time. Advanced materials and their understanding have been continuously evolving leading to new materials and technologies at a faster pace. There are more than 50000 different grades of materials available for design engineers for variety of applications. These materials extend from simple monolithic materials such as cast iron, titanium, and copper to very sophisticated and high performance materials such as composites and ceramics. Understanding of science of materials and technologies for their manipulation led to synthesis and development of new materials with fascinating properties and applications, particularly in 20th century. Second half of 20th century has witnessed an extraordinary growth and advancement of technology of composite materials.
Early industrial applications of high performance composite materials were during world war II with military marine based applications but now the products fabricated using these materials are utilised by a variety of industries, like marine, automotive, aerospace, sporting goods, boating, orthopaedics, and more [1] . Two important advancements in the technological world have significantly affected the fulfilment of demands created by aircraft and military sectors: one is the progress in composites technology and the other is computational mechanics. Complex design and fabrication issues of composites are resolved by extraordinary 2 Advances in Materials Science and Engineering computational powers as well as advancements in both CAD and CAM [2] .
Composite material is constructed by the combination of two or more different materials to induce incomparable blend of properties. This description is more general and can include all classes of materials such as metallic, ceramic, polymers, wood, and other minerals. Wood is a natural composite because it is normally made of two separate constituents: stiff and strong fibres (cellulose) enveloped by a supporting structure of softer tissue (lignin) forming cell walls. Some of the other examples of composite materials that exist in nature are bones which have collagen (matrix) and mineral crystals (reinforcing fibres), shells of invertebrates, such as oysters, snails, husks, silky threads spun by spiders, and straw mixed with clay for construction for many centuries.
There are several types of classification of composite materials. A more classical method of classification of composites is based on the type of reinforcements. Two broad classes of composites are (1) fibrous and (2) particulate composites [7] . Each class of composites is further divided into subcategories. Fibrous composites are further subdivided into continuous fibre composites and discontinuous fibre composites (chopped fibres/whiskers). Particulate composites composed of particles incorporated in a matrix material. Particulate composites may be further subdivided into flake and filled/skeletal composites depending upon size and shape of suspended particles. A filled/skeletal composite is composed of a continuous skeletal matrix filled by a second material, for example, a honeycomb core filled with an insulating material [7] .
Fibre reinforced laminates differ from natural materials in that constituent materials (reinforcing fibres and matrix materials usually polymer/plastics) are separate phases mechanically and have different molecular structures. Fibres are the main load bearing constituents and matrix successfully transfers load to fibres. Carbon and glass fibres are the most extensively used fibres in laminated composites for structural applications. Carbon fibres have high strength and stiffness while glass fibres have comparatively lower stiffness and strength but with high strain to failure than the carbon fibres. Properties of Kevlar fibres prevail between glass and carbon fibres [8] . Kevlar fibres are light weight and flexible with a unique combination of high toughness, high modulus, and thermal stability. Matrix materials give shape to composites and protect fibres against environment and chemical attack. Both thermosetting and thermoplastic matrices are used in laminated composites with thermosets offering greater thermal and dimensional stability, higher rigidity, and chemical resistance. Epoxy resin is widely used as thermoset matrix in fibre reinforced composites because of its remarkable mechanical properties, low shrinkage, strong adhesion, chemical stability, and dimensional stability.
Properties of Laminated Composite Materials
In comparison with traditional structural materials such as steel and aluminium, these composites have greater specific strength and specific stiffness, hence making structural parts lighter. These materials are intrinsically heterogeneous because of the presence of two or more distinct materials. Furthermore these materials exhibit significant anisotropy. While anisotropy properties enable optimization of composites parts to directional loads and design flexibility, they also lead to the complexity in the assessment, study of damage mechanisms, and their structural response. Another notable feature of polymer based laminated composite materials is the nonlinear material behaviour under mechanical loads primarily because of nonlinear matrix and progressive damage. They exhibit time dependent nonlinear response to the load. Another peculiar characteristic is the presence of varying degrees of amorphous phases in the polymer matrices. This kind of nonequilibrium state of polymer composites makes them significantly sensitive to environmental factors such as temperature and exposure to electrical fields, gases, liquids, and radiation. Structural loads, both static and dynamic, may interact with these environmental factors and lead to synergistic accelerated degradation phenomenon [1, 9, 10] . These composites are generally highly corrosive resistant materials compared to metals because of the polymer matrix surrounding the fibres and protecting the fibres from environment.
Impact Damage in Composite Laminates
Fibre-matrix interface and interlaminar interfaces in composite laminates constitute the weakest regions for debonding and delamination to initiate. This problem is worsened by other structural features like sharp bends needed in stiffening members and discontinuous plies to produce thickness changes. One of the primary concerns in composite materials has been the susceptibility to impact damage. This kind of damage leads to large reduction in strength and also the damage in the material remains insidious for visual detection. Low plastic deformation of advanced composite materials leads to vulnerability of such structures to different failure modes such as fibre breakage, delamination, and matrix cracking under impact events.
Impact or high strain rate loads are anticipated in many real time applications of composite materials. Application of a composite material for such situations therefore is decided not only by its static strength considerations but also by its energy absorbing properties and impact behaviour. Sometimes an attempt to improve the in-plane mechanical properties results in a reduction of impact performance. Therefore, secure and efficient design of structures calls for a thorough cognisance of the impact behaviour of composites, so that new composites may be formed which possess both good impact properties and good in-plane properties [11] .
Causes of Impact Damage.
There are several sources of impact damage of the composite materials. Some of them are listed below.
(1) Dropping of tools during maintenance or repair on the composite structure Bird strike impact has been increasing due to increasing air traffic and the change in the migration pattern of birds. At least one flight out of 2000 is estimated to encounter bird strike events. Since 1912 in civil aviation, bird strikes have claimed over 50 planes and more than 223 lives [12] . Bird Strike Committee reports that the damage losses due to damage in composite structures of US civil and military aviation have reached over $600 million because of bird strikes. The global death toll from wildlife strikes since 1988 stands at 195. Additionally, a number of countries have seen a huge rise in the population of large flocking birds [13] .
Runway debris can damage composite structures and poses a serious threat to their integrity. Debris may be gravel or even unwanted small metallic objects from the runway. While the threat from impacts to aluminium parts is not high, aircraft with composite skins are in serious jeopardy. Hail impacts present even greater risks to aircraft structures. Impacts from hailstones, which have diameters over 10 cm, are extensive, repetitive, and incessant. They often occur at cruise speeds (800 km/hr or 222 m/s). Even aluminium aircraft are endangered by these kinds of impact sequences [14] . One aspect that is yet to be examined in detail is the influence of multiple impacts, which refers to repetitive impacts occurring in sequence at locations near each other. In a hailstorm, a fast moving vehicle is subject to these kinds of repetitive impacts. Effect of two or more closely located simultaneous impacts is also not properly understood, even though the delamination process could be considerably intensified because of it.
A highly significant factor in aircraft vulnerability is the Hydrodynamic Ram (HRAM) phenomenon. Of all vulnerable components, the wing area is exposed the most. The HRAM occurs when the fuel tanks are penetrated by a highenergy object. Aircraft structures can also be impacted by projectiles such as small and medium calibre bullets and fragments resulting from a blast, which may hit the fuel tank of an airplane or helicopter and induce HRAM effects. Aircraft that have lightweight designs are especially vulnerable to HRAM because the integral fuel tanks cannot be made more structurally resistant by increasing the toughness of the airframe [15] . 
Types of Impact
Damage. Impact damage resulting from a variety of causes discussed so far are categorized into three kinds, namely, low velocity, ballistic, and hypervelocity impacts. A leading problem in the use of laminated composite materials is the impact which occurs when blunt objects impact at low velocities. This type of impact leads to internal damage called barely visible impact damage (BVID) which goes unnoticed as it frequently forms deep within the structure or in the back face [16] . This damage severely threatens the integrity and residual strength [17, 18] of the structure (refer to Figure 1) .
Due to entirely different microstructural morphology and fabrication between composites and metals, impact response of composite structures differs significantly from metallic structures [8, 19, 20] . Visible damage on the surface will be created due to impact on metallic structures, whereas damage would be concealed inside composite laminates, for low velocity impact in particular [11] . In metallic structures, large amount of energy can be absorbed due to its ductile nature and the effect of impact on the residual load carrying capacity of the metals is usually small and can be predicted [19] . Small surface dent does not warrant much attention in metals since it merely increases work hardening locally. Most composites are brittle and so they can only absorb energy in elastic deformation and through damage mechanisms and not via plastic deformation [21] [22] [23] [24] . For laminated composites though, even a slightly apparent dent can induce separation of interior plies (delamination). Low velocity impact does not initially result in catastrophic failure of the laminate but it is the major cause of delamination onset [25, 26] . Delaminations may increase with more impacts or further loading during service. Since the carbon fibre composites are opaque, neither the damage nor the growth can be seen. Final catastrophic fracture could occur without the preceding damage being noticed [16] .
Impact events that occur at low velocity can be treated as quasi-static [27, 28] . These are normally nonpenetrating and their upper limit can vary from 1 to 10 m/s [19, 27, 28] . Those impacts for which the propagation of the stress wave through the specimen is not considerable are also categorized as having low velocity [29, 30] . Contact between the projectile and the target is followed by propagation of Rayleigh waves, a compressive wave, and a shear wave. Compressive and shear waves reach the back face and reflect back. After many reflections through the thickness of the laminate, the plate motion is established. Impacts for which damage is introduced after plate motion is established are called low velocity impacts [11] . For most common epoxy matrix composites, at impact velocities between 10 and 20 m/s, the transition of impact event to a stress wave dominated mode happens [29, 30] . Low velocity impact was also classed as type of impact in which delamination and matrix cracking are the primary damage modes [31, 32] . The most frequent types of impact events occurring on composite structures are low velocity impacts.
The low velocity impact response of woven fabric composite laminates has been extensively treated in the literature by experimental research works, analytical formulations, and numerical implementations. Abrate [33] presents an overview of mathematical models used for the analysis of the dynamics of impact. The available mathematical models were classified into four categories: spring-mass models, energy-balance models, complete models, and an impact on infinite plate model. A procedure is presented in order to determine the expected type of impact and to select an appropriate model [33] . Naik et al. [34] studied the behaviour of woven fabric composite plates under transverse low velocity impact employing an analytical model based on a modified Hertz law and a 3D numerical model. The in-plane failure behaviour of the composites has been evaluated by means of failure function based on the Tsai-Hill quadratic failure criterion [34] . Johnson et al. [35] presented a materials failure model for composites with fabric reinforcement under impact loading, which included both intraply damage and plasticity based on continuum damage mechanics approach and interply delamination. Iannucci and Willows [36] presented an energy based damage mechanics model and interface modelling technique for woven carbon composites under high strain dynamic loading employing an explicit FE code. Reyes and Sharma [37] studied experimentally and numerically a low velocity impact damage behaviour of woven thermoplastic laminates under various levels of impact energies. A simple energy-balance model was used to predict the maximum impact force and deflection of the laminates.
It has been identified that there are at least three dominant failure mechanisms taking place in the composite laminates when subjected to impact loading. These are interlaminar fracture (or delamination), matrix cracking due to transverse shear, fibre-matrix debonding, and translaminar (fibre) fracture [38] [39] [40] [41] [42] [43] [44] . The first two mechanisms are sensitive to the properties of the matrix materials and the last to the fibre performance, especially the failure strain. Depending on the properties of the constituents, choice of fibre and matrix types, the fracture process can be a very complex combination of these energy absorption mechanisms [45, 46] . Delamination as a subcritical mode of damage is indirectly responsible for the final failure of the structures [25, 26] . Because of the synergistic multidamage mechanisms experienced by the laminates under impact, impact damage evaluation still largely relies on experimental results rather than numerical simulations and analytical models [47] .
Many studies have so far been devoted to the damage prediction of low velocity impact on composite laminates. Hou et al. [48, 49] studied the damage initiation and evolution based on fibre failure, matrix cracking, matrix crushing, and delamination. A simple empirical formula to model delamination and size and shape of the delamination was predicted which did not agree well with the experimental results. Li et al. [50, 51] used the Reissner-Mindlin plate model to simulate the failure process of long fibre reinforced laminate under low speed impact. Xu et al. [52, 53] simulated four types of damage (fibre tensile failure, fibre compressive failure, matrix tensile failure, and matrix compressive) using stiffness degeneration. They proposed an improved failure criterion and a progressive failure model.
Parameters Affecting Impact Damage.
Damage mechanisms and energy absorption of composite materials have greater complexity than metallic structures. Damage resistance of composite laminates under impact is influenced by a number of factors such as total number of layers, impactor geometry [54] , impactor initial energy, impact velocity [55] , interlaminar properties and bonding strength, ply layup [56] [57] [58] [59] [60] , and matrix and fibre properties. The interactions between these factors has been elaborated on in [19] . Due to the influence of material properties on overall structure's stiffness and contact stiffness, dynamic response is also appreciably affected. Both the initiation and propagation of impact damage depend on properties of fibre, matrix, and the surface modification of fibre. Since the boundary conditions, the size [60] [61] [62] [63] , and thickness [60, 63, 64] control the stiffness of the target, they all affect the impact dynamics. The study of size effects on impact loaded composite laminates was focused on analytical scaling laws and parameters [61, 62, 65] . Smaller specimens were always stronger than larger ones [61] and delamination size was found to be consistent with the size effect [65] . Experimental results showed that in-plane dimensional effect was not as significant as thickness effect [63] .
Other parameters that influence impact events are the characteristics of the projectile such as its shape, elastic properties, density, and incidence angle. The most common impactor shape studied has been hemispherical [66] [67] [68] [69] [70] and other impactor shapes such as flat [67] [68] [69] 71] , conical [67, 68, 70] , ogival [70] , and semicylindrical [67] ones have also been investigated. Flat and hemispherical impactors produced similar failure mechanisms and energy dissipation levels [67] . The semicylindrical impactor produced a vertically propagating crack [67] and use of conical impactor resulted in lowest dissipated impact energy and localised damage with lower delamination areas [67, 68] . The change in the impactor shape resulted in a change in failure mode. Matrix cracking followed by fibre fracture has been the predominant failure mode under hemispherical impactor [69] whereas ply shear-out was found to be the dominant failure mode with the flat impactor [69, 71] . Researchers have Advances in Materials Science and Engineering 5 also observed the effects of stitching [72] [73] [74] , ageing [75] [76] [77] , and environmental conditions [78] [79] [80] [81] on impact damage. Most composite structures will be under some level of stress when impacted. The nature and magnitude of the preload strongly influence the response of the composite laminate under impact [82] [83] [84] , shape, orientation, and size of the damage zone [83, 85] . Impact specimens subjected to shear loading exhibit the largest increase in the damage area when compared to unstressed plates [85] .
Residual Properties of Impact Damaged Laminates
Impact damage substantially reduces the structural integrity and residual strength of laminated composite materials, resulting in the growth of damage and final fracture. The term damage tolerance refers to a structure's ability to perform required function after an impact damage [86] . Even BVID (barely visible impact damage) can lead to 50% reduction in strength of the structure. Residual strength in compression, tension, and flexure will be deteriorated depending on the predominant damage mode. Even vibration and fatigue characteristics will also be affected by the impact damage. Experimental studies show that fibre strength and strain to failure have a considerable consequence on the tensile strength of damaged as well as undamaged laminates, while the material properties of the matrix have a relatively insignificant effect [11] . Thus, fibre damage is the critical damage mode influencing tensile residual strength of the composite materials. Cross-ply laminates have a higher deterioration in residual tensile strength than the angle-ply laminates [87] . A method of prediction of residual tensile strength was presented based on the premises that the stress concentration associated with the constraint of the undamaged material around the impacted region dominates the remaining strength calculation and that the physical parameter that enters the model should be the size and shape of the damage region [88] . Another prediction model for the tensile residual strength after impact was proposed, in which the damaged area is replaced with an equivalent hole notch [89] . The residual property which is most acutely affected is the compression after impact strength of the composite laminates. Delaminations induced by impact often terminate in substantial reduction in compressive properties [90] . Toughness of the matrix resin is the major parameter influencing the compression after impact (CAI) performance in quasi-isotropic laminates rather than fibre strength and stiffness [90] . Stacking sequence of the laminate was found to affect the CAI performance [91] . Cross-ply laminate showed the least damage tolerance and exhibited higher instability when subjected to compressive loading [92] . Low modulus copolyamide web interleaves resulted in an increase in damage area and minor changes to CAI strength. Higher shear modulus polyethylene interleaves resulted in a significant decrease in the damage area at various impact energies, with CAI strength improved compared to noninterleaved laminates [93] .
Both the residual flexural strength and flexural stiffness are affected by impact damage with flexural strength being highly sensitive to localised impact than flexural modulus [94, 95] . Under single impact loading the composites suffer a slight reduction in residual flexural strength but a large reduction in interlaminar shear strength [96] . Large degradation in the postimpact flexural strength was observed in GFRP laminates subjected to repeated impacts which is attributed to the fracture of the glass fibres [96] . Investigations of damage evolution under low velocity impact revealed that there existed a critical impact energy for initial damage, standing for the change in the damage mode and dividing the postimpact flexural properties variation into two linear parts [95] . There has been considerable research attention on the cyclic loading of impact damaged composite laminates [53, [97] [98] [99] . Doubling the incident impact energy from 5 to 10J was found to reduce the residual fatigue life at a given stress by approximately one decade [100] . Significant reduction of compression fatigue life was observed in impact damaged carbon/epoxy laminates and compressive fatigue characteristics were identified to be strain rate dependent [101] . During spectrum loading fatigue tests on carbon fibre composite coupons, it was found that removing the low load cycles from a spectrum fatigue test did not affect the fatigue life and therefore that only the high load cycles were propagating damage [102] . Fatigue tests on CFRP at varying load ratios revealed that greater reduction in fatigue life was found when the compressive component of the cycle load is larger [103] .
Palliatives for Impact Damage
The current philosophy to handle impact damage related problems is as follows:
(1) To tolerate moderately severe impacts, the structure is designed with alternative load paths. This is accomplished by designing the structure as a framework of stiffening members or as boxes.
(2) To sustain barely visible impact damage (BVID) at the highest load and for the entire duration, the design allowable strength is reduced adequately so as to have no degradation in performance.
(3) Damage that crosses BVID level (visible damage) may bring down immediate performance and must be promptly repaired. An improved design that has damage tolerance against impact is drawn up to ensure the basic safety of the structures with damage.
(4) Structure might not tolerate very severe impact. Designing impact resistant structures have been carried out [2] .
(5) New composite materials with increased impact resistance are developed.
Developing improved and tough composite materials to lessen severity of impact damage has been a major challenge for the researchers.
Hybrid Composites.
Fibres are important load bearing constituent materials during impact in the composites. Laminates reinforced with Kevlar and S-glass fibres showed five times higher Charpy impact resistance than Modmor II carbon fibre reinforced composite [104] . This low impact resistance of carbon fibre composites was due to extremely brittle nature of the carbon fibres, which fail catastrophically at peak impact load. Kevlar fibre/epoxy matrix composites showed exceptional energy absorbing capability when compared to carbon fibre/epoxy composites [8] . Concept of hybrid composites materials was developed to utilise the potential of the Kevlar and glass fibres for improving the impact performance of CFRP. In this method, the impact resistance of high modulus fibre laminates is enhanced by adding to them a small percentage of a low modulus fibre, which results in higher impact performance. This incorporation is called hybridization. Generally E-glass or Kevlar fibres are used frequently for this purpose because these fibres store more energy elastically than carbon fibres. Besides improving the impact performance, incorporation of glass fibres reduces cost of the composites [10] . Combination of two or more fibres in a common matrix produces hybrid composites, which offer a range of properties, which are not achievable with just one type of reinforcement. Hybrid material retains benefits of its original constituents, while often allowing cost to be reduced [105] .
Two types of hybrid composites can be distinguished based on the fibre arrangement pattern: hybrid intraply and hybrid interply composites. In hybrid interply (interlaminated) composites, two or more homogeneous layers of fibre reinforcement are stacked layerwise with one type of fibre in single layer, and then different fibre plies are dispersed throughout the laminate, while in hybrid intraply (intermingled) laminates two or more different fibre tows are combined in a single layer of reinforcement with no intentional concentration of either type of fibres throughout the resin [105, 106] . The volume ratio and stacking sequence of different components in the hybrid material strongly influence the mechanical properties of hybrid composites. A number of research groups have studied the performance of interply hybrid composites [104, [106] [107] [108] [109] [110] [111] [112] [113] and intraply hybrid composites [105, [114] [115] [116] [117] . Hybrid intraply composites showed superior impact performance possibly due to superior efficiency in impeding the propagation of the cracks when compared to homogeneous or interply hybrid composites [115] .
But this hybridization technique has the complication of mismatch of elastic moduli between different species of fibres and hence subsequent problem of higher complexity in the design of such laminates [8] . Moreover, obtaining a uniform blend in fabrication of intraply hybrid composites is practically difficult. In interply hybrids, the layup has to be exclusively symmetric with respect to the neutral axis; otherwise, temperature changes would lead to bendingstretching coupling and cause undesirable warping [10] . Moreover, hybridization will not improve the resistance to delaminations or matrix cracking, though it has its influence on fibre fracture.
Composites with Tough Thermoplastic
Resins. Matrix in the composite materials performs vital functions: protecting the fibre reinforcement from damage, transferring loads to the fibres, and alignment/stabilisation of the fibres. Investigations towards improvement of matrix properties by effectively utilising tough thermoplastic resins to mitigate the impact damage [118, 119] have been carried out. Thermoplastic matrix such as poly(ether ether ketone), PEEK [118, 120] can improve fracture toughness by an order of magnitude over thermoset matrices. Further thermoplastic matrices will have higher strain to failure and ductility, which enhance the performance under impact loading.
Nylon thermoplastic matrix with carbon fibre in laminates exhibit higher fracture toughness and high elongation in addition to the advantages of processing and recycling [121, 122] . Other thermoplastic matrices which have the potential to improve impact properties are PEI (polyetherimide) and PPS (polyphenylene sulfide) [118, 123] . Fatigue properties of thermoplastic matrix composites were studied by numerous researchers [124] [125] [126] [127] and found to have inferior fatigue performance compared to epoxy laminates [124, 125] . Moreover thermoplastic resins lead to low modulus, low compressive strength, low chemical resistance, degraded thermal stability, and poor fibre-matrix interfacial bonding which has highly limited the usage of thermoplastic composites [120] .
Composites with Modified Matrix Material

Rubber Modified Epoxy Matrices.
Improving the impact performance of composite laminates by modifying the epoxy matrix material with rubber [128] [129] [130] has been studied. Such toughened composite materials absorb inelastic energy when subjected to low velocity impact loads [128] . Carboxylterminated CTBN rubber in liquid form was mixed with epoxy resin before the hand layup. The CTBN rubber modified matrix reduced the fracture toughness (impact) of the resulting composite compared with that of the unmodified composite at above ambient temperature [129] , whereas the R curve (crack growth resistance curve) was superior to that of the control samples. Improvements in impact properties were also reported by carbon fibre reinforced composites, which had CNBR (acrylonitrile butadiene rubber, submicron crosslinked) modified epoxy matrix [131] [132] [133] .
Epoxy Matrix Modified with Rigid Inorganic Fillers.
Different types of inorganic fillers such as glass beads, silica, alumina, barium titanate, and aluminium hydroxide have also been considered for the improvement of impact toughness of the epoxy resins [134, 135] . Epoxy modified with rigid inorganic fillers such as short Al 2 O 3 fibre and Al 2 O 3 powder [129] have been studied. Without the rubber phase, however, adding rigid fillers to the matrix does not show noticeable resistance to crack growth. While rigid fillers induce brittleness in the resin, rubber plasticises it. The presence of both rubber and rigid fillers in the matrix leads to a counteractive effect, leading to enhanced deformation (nonlinear) of the matrix and other additional mechanisms of toughening by rigid fillers. Therefore, it is not useful to add rigid fillers without rubber phase because of embrittling effects [129] . (CNTs), nanoclays, and other nanoparticles to improve the mechanical properties of polymer based composites. CNTs [136] , nanoscale Al 2 O 3 particles [137] , nanoscale TiO 2 [138] , silica nanoparticles [139] , halloysite clay nanotubes [140] , and nanoclay filled epoxy composites [141] [142] [143] have been recently investigated to improve the epoxy matrix properties. These nanoparticles/fillers have the ability to reinforce the matrix at the nanoscale. CNTs are found to be useful in inducing fibre bridging mechanisms because of their high specific area and aspect ratio with the combination of high longitudinal modulus which has the potential to improve fracture properties [136] . These methods are in their early stages and issues like agglomeration of nanoclay and CNTs because of inadequate uniformity of distribution in the matrix which becomes the potential site of crack initiation and stress concentration need to be resolved [136, 142, 144] . Figure 2 presents the SEM images demonstrating the CNT agglomerates in GFRP laminates with DWCNT modified epoxy matrix fabricated by RTM technique [4] . Brittle fibre hinders plastic zones of crack-tip to matrix rich narrow interply regions thus limiting the advantage of the tougher matrices. Hence comprehensive improvements in the properties of the composite are not expected by modifying the pure matrix resin [19] . Additionally, the processing of tougher and stronger matrix materials is also difficult and their usage is limited by cost.
CNT-Filled and Nanofilled Epoxy
Interleaving.
Interleaving is the incorporation of tough interlayers between selected plies which improves the impact resistance substantially [145] . Development of interleaving materials which can remain as thin separate layers during cocuring with the matrix material is an important consideration in this concept. Interleaved composite materials have exhibited improved damage tolerance and higher compression after impact behaviour compared to composites, which are noninterleaved. Interleaving layers embedded between plies are constrained and suppress the initiation of impact damage. This technique of interleaving enhances growth of crack-tip yield zone in the region between the plies [145] . Frequently used interleaving materials include thin thermoplastic films such as PEEA/PA film [146, 147] , bisphenol A based epoxy [145] , FM 300 epoxy resin [148, 149] , PEI films [149] , poly(ethylene-co-acrylic acid) PEAA [150, 151] , polyethylene based films [152] , epoxy modified with carboxyl-terminated butadiene acrylonitrile (CTBN) and polyurethane (PU) [153] , cyanate ester/epoxy resin film [154] , glass/epoxy softening strips [155] , and nitride rubber modified epoxy interleaves [156] . However, degradation of hot/wet properties and inferior handling characteristics such as drape and tack have restricted the usage of this technology [157] . The major disadvantage of this technique is the weight penalty. The tough interlayers of resin have low stiffness and strength which proportionately reduce the in-plane stiffness and strength, requiring additional plies to maintain design properties [120] .
Short Fibre Reinforcement (SFR).
Research efforts have also been directed towards short fibre reinforcement in order to improve the impact resistance. There are two methods of fibre reinforcement in composite laminates; they are short fibre reinforcement (SFR) and translaminar reinforcement (TLR). TLR is discussed in the next subsection. In SFR, short fibres are deposited parallel to ply surface in the interlaminar region. SFR is often regarded as another method of interleaving due to the use of short fibres between the plies similar to the interleaving process. The distinction between SFR and interleaving however occurs on two levels. Addition of short fibres is distinctly different from addition of an interleaving film in that short fibres produce a randomly oriented heterogeneous layer. This creates potential for a random and disturbed crack path while the interleaving film creates additional two continuous interfacial zones.
Secondly, this technique of short fibre reinforcement induces semielastic failure mechanisms of fibre pull-out and fibre bridging effect, thus increasing the energy consumption for a given damage area during failure. The fibre bridging effect was highly enhanced by the number of short fibre ends and the interfacial bond strength between short fibres and the matrix material. Hence, short fibre methods rely on increasing the energy consumption for a given damage area using the semielastic failure mechanisms of pull-out or fibre breakage by fibre bridging effect [147, 158] . Therefore, less overall laminate damage occurs due to the increased fracture toughness of SFR modified laminates. The interleaving film however absorbs energy by the mechanism of plastic deformation of the interlayer. This absorption of energy is regardless of the damage to the continuous fibres and matrix material. The use of short fibres as interlaminar reinforcement materials does not rely on the generation of plastic deformation for energy consumption. Materials used for short fibre reinforcements are Kevlar [146, 147, 159, 160] and Zylon fibres [146, 147] . Orientation of short fibres is a very important factor in the short fibre reinforcement method, which affects the mechanism of fracture as well as the mechanical properties. Difficulty in achieving random orientation of short fibres poses a major obstacle in this method.
Translaminar Reinforcement (TLR).
In translaminar reinforcement, the fibrous reinforcement is across lamina interfaces in a translaminar fashion. Only a small amount of out-of-plane reinforcement (volume fractions less than 5%) is required to significantly change the mechanical response of the laminate. Established and developed process such as stitching and Z-pinning offer effective means of achieving TLR or through-thickness reinforcement. Some of the other techniques for through-thickness reinforcement are 3D weaving, 3D braiding, 3D knitting, embroidery, tufting, and Z-anchoring [158, 161] .
Stitching.
This technique is a form of fibre reinforcement in the thickness direction making the laminate a 3D structure. A stitch needle carrying a high strength thread is inserted through the ply layers in this process. Influence of stitching on impact performance of composite laminates has been carefully studied for a number of composite material systems and the effect of stitching is found to be similar in many of these materials [72, 74, [162] [163] [164] [165] [166] . The extent to which stitching enhances damage resistance of composites has a crucial dependence on the impact velocity. Normally, stitching does not show improvement on impact resistance at low velocities, likely due to the short length of the delamination cracks. As the impact velocity increases, the effectiveness of stitching to enhance damage resistance seems to increase. The damage limiting ability of stitching then becomes higher with higher impact energy. Long delaminations are seen at relatively high energies, which enable complete development of a stitch bridging zone. This technique showed considerable improvement in its effectiveness with increasing stitching density [167, 168] .
A study of impact damage mechanisms in a modified lock stitched laminates (Figure 3(a) ) revealed that there is extensive matrix cracking induced by stitching [5] . The resin rich zones around stitch loops promote matrix crack initiation and these induced matrix cracks are diagonally connected by adjacent stitch loops (Figure 3(b) ). Moreover, effects of Z direction fibre reinforcement of the composite laminates on their mechanical performance is a trade-off between interlaminar properties and their in-plane properties similar to others through the thickness reinforcing techniques [169, 170] . Reduction of compression strength with the improvement of CAI strength is reported by Farley et al. [170] .
Z-Pinning.
Z-pinning is also involved through the thickness reinforcement of the prepreg laminates by the use of Z-pins which can be done commercially in large scale. Zpins act as fine nails that lock the laminate plies together by a combination of friction and adhesion. The term pin is used generically to describe all types of pin materials (i.e., metals pins, fibrous pins, etc.). Pins may be used for the wide area reinforcement of damage tolerant panels or used in selective areas requiring local reinforcement such as structural bonds, stiffener attachment, stress concentration, and holes. Z-pins fasten the plies of the laminate together by the mechanisms of adhesion and friction (refer to Figure 4 ). This technique can be implemented as selective region reinforcement or wide area reinforcement of composite panels. Delamination resistance and damage tolerance of laminates during impact have been effectively improved by this technique [161, 168] .
Z-pinning has been shown to be beneficial in reducing impact damage both at low velocity impact and at high velocity impact such as ballistic projectiles [161, [171] [172] [173] [174] [175] . Zpins generate bridge traction forces which reduce impact damage and impede formation of very short delaminations. This technique also resulted in better residual properties after impact and higher buckling resistance of the damaged plies. Though this method produces improved impact damage tolerance, there is a pernicious influence on other mechanical properties such as strength, elastic modulus, and fatigue life of the composite laminates [173, [176] [177] [178] . Drawbacks associated with the TLR techniques (Z-pinning and stitching) are manufacturing and tooling costs. Established methods of TLR are both labour intensive and costly and require specialized equipment. Similarly, methods involved in stitching are complicated and labour intensive for vast majority of composite manufacturers. These disadvantages drive the search for simpler methods that provide ability of manufacturing for small and medium scale manufacturers of composite materials [147, 158] .
Surface Modification of Fibres.
Performance of fibre reinforced composites will be effective only when stress can transfer efficiently across the interface between the fibres and matrix. Fibre/matrix interface bond strength is one of the main factors influencing impact resistance and mechanical properties of composites. Polymer coatings along the fibre length, either fully or intermittently, have been explored. Fibre coatings may improve or degrade the fibre/matrix adhesion. In general, laminates having weak fibre/matrix adhesion show degraded impact performance due to debonding and extensive delamination. The residual flexural and CAI strength of such laminates with optimized fibre/matrix adhesion (fibre treatment) is typically superior to the laminates with poor adhesion. It is attributed to the higher delamination resistance of composite materials having fibres with surface modification [179] .
Treatments on glass fibres that were investigated for the improvement of impact damage tolerance are silane coupling agent (epoxy dispersion on the base of bisphenol A with a -aminopropyltriethoxy) [179] [180] [181] , silane coupling agents, -MPS and -GPS [182] , coupling agent (Z-6020), and a compound for mold release [183] and spraying of emulsified polymer [184] . The influence of PVAL (polyvinyl alcohol) coating of carbon fibre on the impact performance has been investigated by Kim and Mai [185] . CNBN rubber and PVA coatings were also studied for Kevlar fibres [185] .
Particle Based Interlayer
Toughening. This technique involves formation of heterogeneous interlayers in composite laminates by effectively utilising preformed particles as a second phase, usually a thermoplastic or rubber [186] . Particle interlayer based modification of laminated composites is the best practical technique prevalent and it is an inexpensive and simple technique for improving impact performance of these composites [157] . There are three methods of incorporating particles into the polymer based composites: sprayup, double pass method, and single pass method. In sprayup and double pass method, particles are incorporated in interlayers of the prepreg laminates. First a prepreg intraply region is impregnated by a homogeneous resin without any toughening particles. Then another resin modified with particles is selectively coated on prepreg interlaminar region in double pass method and only the particles are sprayed up on the prepreg surface in spray-up method, whereas in the general or single pass impregnation method, first the particles are distributed in the matrix resin and then the modified resin is used in the prepreg manufacturing process. The particles will move out to the surface of the prepreg during the filming process. This single pass method has disadvantages such as nonuniform particle distribution and degraded transverse integrity between adjacent fibre tows [186, 187] . The former two methods (spray-up and double pass) are better than later method (single pass) in terms of processability and formation of multilayer structure in the case of former two methods. Influence of such particle based impregnation on interlaminar properties depends on the adhesion of particles to matrix resin and particle rigidity [186, 188] .
Rubber Particles.
Rubber based preformed particles have been explored for particle based interlayer modification of polymer composite materials. Many of these rubber based particles consist of functional group which can coreact with the polymer matrix of the composite. The rubber particles which have been used are CTBN (carboxyl-terminated butadiene acrylonitrile) based functionalised elastomers [186, 189] and other elastomeric particles [190] . Along with increasing impact toughness up to a certain concentration, rubber particles were found to increase tack of prepreg systems [190] . However, detrimental effects of rubber particles are reduced stiffness, glass transition temperature, mechanical strength, poor thermal stability, and additional complexity in composite processability along with lower hot-wet properties of composite materials [157, 187] .
Due to the presence of soft phase in the thermosetting polymer matrix and deterioration of other mechanical properties, the utilisation of preformed rubber particles does not promise significant overall improvement. Hence, particles based on thermoplastic polymers are employed for increasing impact performance of polymer matrices. Thermoplastic particles based interlayer showed better overall mechanical properties, although it is not superior to elastomer particles in terms of toughness improvement [191, 192] .
Thermoplastic Particles.
In this approach, enhancement of impact fracture toughness is achieved by utilising superior fracture properties of thermoplastic resin and its good processability without sacrificing hot-wet properties [193] . Thermoplastic polymer particles are spread on the surface of the prepreg leading to modification of ply interfaces [148] . During creation of damage under impact loading, delaminations propagate in interlaminar regions; thereby extent of damage growth can be impeded by introducing thermoplastic based interlayer due to its superior toughness [148] . Polymer particles which are considered for improvement of impact properties are rigid amorphous polyamide particles [194, 195] , nylon particles [160, [196] [197] [198] , polyethersulfones [199] , and unspecified thermoplastic particles [200, 201] . A new type of thermoplastic microparticles called core shell microparticles is dispersed in the interlaminar interfaces during fabrication to improve the damage resistance of the composite laminates [202] [203] [204] . The composite laminates showed overall reduced impact damage and higher peak load bearing capability but showed deterioration in in-plane flexural properties [203, 204] .
Conclusion
It is obvious that susceptibility to damage due to low velocity impact is one of the predominant limitations in the usage of composite laminates. Advanced laminated structures are expected to perform their intended functions in an environment where low energy impact damage can occur from variety of sources such as tool dropping, hail stones, collisions, debris, or foreign object impact. Internal damage which is undetectable by naked eye but further propagates under typical loaded conditions is generated due to such low energy impacts. Residual mechanical performance of such structures deteriorates drastically in varying degrees in compression, tension, flexure, and fatigue. Various techniques of improving composite structures to mitigate impact damage have been studied by many researchers. Critical analysis and assessment of these techniques confirm that there have been several constraints in their implementation such as high tooling cost, design complexities, and subsequent problems in manufacturing and degradation in mechanical properties. Application of some of the above discussed techniques like interleaving, stitching, and particle based interlayer toughening leads to a trade-off between reduction of in-plane mechanical properties and improvement in transverse impact characteristics [120, 157, 169, 170, 187, 203, 204] . Thus, it necessitates further research towards achievement of superior impact performance without compromising the residual mechanical properties. Latest research in self-healing polymer composites inspired from biological systems promises new materials in future, which can activate autonomous healing of cracks immediately after crack initiation. New research in damage detection methods and sensing is expected to complement the self-healing composites in future.
